Abstract-A microstrip-fed planar monopole antenna consisting of an inverted-L monopole and a square parasitic element extending directly from ground plane to obtain wideband operation covering Bluetooth/ISM, 2.5 GHz WiMAX, 3.5 GHz WiMAX and 5.2/5.8 GHz WLAN bands is presented. The proposed antenna employs a shorted parasitic element to improve the bandwidth. The return loss of the suggested antenna geometry was calculated by a commercial HFSS 9 simulator and the results are compared with measured return loss, which shows a good agreement between them. Details of the proposed antenna designs and experimental results of the constructed prototypes are presented.
INTRODUCTION
A few decades after the earliest investigations of wideband wireless systems, a wide range of applications have been identified. They include ground-penetrating radars, biomedical imaging systems, highdata-rate short-range wireless local networks, communication systems, medium-and long-range radars for military purposes, and others, because of their high spatial and temporal resolution [1] . With advances in wireless systems, the need for broadening frequency bandwidth and sharing multi-frequency bands has increased. Several conventional antennas, such as helical [2] , horn [3] , monopole [4] [5] [6] , wide slot [7, 8] , and electric-magnetic dipole [9] , are also available for wide impedance bandwidth applications. Additionally, multiband resonance can be achieved by adding a parasitic line or a shorted parasitic element to the main monopole patch [10, 11] .
Printed antennas with parasitic elements can be used as multiband planar antennas. This investigation presents a design of a printed L-shaped antenna with a parasitic element for operation in Bluetooth/ISM (2400-2484 MHz), 2.5/3.5/5.5 GHz WiMAX (2500-2690/3400-3690/5250-5850 MHz) and 5.2/5.8 GHz WLAN (5150-5350/5725-5825 MHz) bands [12] [13] [14] [15] [16] . The square parasitic element is positioned opposite the printed L-shaped radiating element. Introducing the parasitic element provides a significant wideband impedance bandwidth. The performance of the proposed antenna is both calculated and measured.
ATENNA STRUCTURE
As shown in Fig. 1 , the proposed antenna can be regarded as an inverted-L monopole, operated as a 0.5 wavelength structure. It is easily fed by a 50 Ω microstrip line of width W 1 = 3 mm in this study. The inverted-L monopole and the microstrip line are printed on the same side of the electric substrate. The FR4 substrate of thickness 1.5 mm, relative permittivity 4.4 and loss tangent 0.0245 are used. In the proposed antenna configuration, the inverted-L monopole can provide the fundamental resonant mode at 2.1 GHz in the absence of the square parasitic element. The antenna can generate the second resonant frequency when the dimension (a) of the square parasitic element plane is properly tuned. This design can remarkably increase the impedance bandwidth. Also a narrow gap separates the square parasitic element from the ground plane. The width of the gap (g) can also affect the resonant frequencies and operating bandwidth. Thus, the width of the gap should also be taken 
EXPERIMENTAL RESULTS AND DISCUSSION
Based on the design presented in Fig. 1 , the proposed antenna was constructed and tested. Figure 2 shows the simulated and measured return losses of the proposed antenna with a square parasitic element. The simulated return loss agrees with the measured curve. From the measured data, two resonant modes at about 2.32 and 4 GHz are successfully excited. The −10 dB return loss from 2.12 to over 6 GHz exhibits a bandwidth of more than 95.6% and the Bluetooth/ISM, 2.5/3.5/5.5GHz WiMAX and 5.2/5.8 GHz WLAN bands are covered. Two resonant modes are mainly excited owing to the presence of the inverted-L monopole and square parasitic element, which have lengths of about 32 and 19 mm (or about 0.5λ at 2.32 and 4 GHz), respectively. According to the investigation by Li et al. the configuration of the proposed antenna can be decomposed into radiating mode (unbalanced mode) and balanced mode [17] . Figure 3 displays the calculated unbalanced mode impedance Z u and the real parts of V/I u and V/αI u . Additionally, Fig. 4 presents the calculated balanced mode impedance Z b . As shown in Figs. 3 and 4 , the impedance matching around the first resonance is a result of the combination of unbalanced and balanced modes. Moreover, it can be seen that the results in Fig. 4 differ from those in Fig. 3 at the second resonance is introduced at approximately 4 GHz. Hence, the second resonance is determined mainly by the balanced mode. This result is consistent with the previous results on the return loss.
The effects of the parameters a and g on the operation band of the proposed antenna are also studied. Figure 5 plots the simulated return loss as a function of the length (a) of the square parasitic element, as a is varied from 0 to 10 mm. Other parameters are fixed, as given in Fig.  1 , while of g = 0. When the square parasitic element is not present, the desired upper operation band is also absent. These results clearly indicate that as the length a is increased, the upper mode is shifted to lower frequency. Hence, the upper band of the proposed antenna is formed mainly by the square parasitic element. For a = 9.6 mm, the simulated impedance bandwidth, determined from a return loss of −10 dB, reaches 3.98 GHz (1.91-5.89 GHz).
RFigure 6 plots simulated return loss as g is varied from 0 to 2 mm. Large effects are seen for the impedance matching of desired dual-resonance excitation. The antenna with g = 0 mm outperforms those with g = 1 and 2 mm. As shown in Fig. 1 , the configuration of the proposed antenna is the same as that of a planar monopole antenna with an irregularly shaped ground plane with g = 0 mm. The results obtained as g is increased clearly indicate that the lower resonant mode of the antenna is shifted to lower frequency. On the contrary, the upper resonant mode is shifted to higher frequency. As plotted in Fig. 6 , the gap g reduces the impedance matching for the proposed antenna. The [18] . The radiation characteristics are also investigated. Figure 7 shows the x-z, y-z and x-y plane far-field simulated radiation patterns of the proposed antenna at 2.32 and 4 GHz. Figures 8 and 9 plot the measured far-field radiation patterns in the elevation direction (x-z and y-z planes)and the azimuthal direction (x-y plane) at the operating frequencies of 2.32 and 4 GHz for the proposed antenna, respectively. The measurements agree quite closely with the simulated patterns. Monopole-like radiation characteristics with conical patterns in the Eplanes (x-z and y-z planes) and an almost omni-directional pattern in the H-plane (x-y plane) are observed. Notably, those in the E- planes (x-z and y-z planes), as expected, are symmetrical with respect to the antenna axis (θ = 0), since the structure of the proposed antenna is symmetrical. This behavior indicates that stable radiation patterns are obtained for the proposed antenna. It is also noted that, measurements at other operating frequencies across the bandwidth of each band yield radiation patterns similar to those plotted. Figure 10 plots the measured antenna gain for frequencies across the operation bands. The antenna gain is from about 2.15 to 3.8 dBi with a gain variation of 1.65 dBi.
CONCLUSION
A microstrip-fed monopole antenna with a shorted parasitic element for achieving Bluetooth/ISM, 2.5/3.5 GHz WiMAX and 5.2/5.8 GHz WLAN bands is proposed and studied. The antenna has a simple structure of an inverted-L monopole and a square parasitic element that extends directly from the ground plane. It is easily fabricated at low cost by printing on an FR4 substrate. The square parasitic element is employed for a wideband operation. Good agreement between measured and simulated results is obtained. The radiation patterns are nearly omni-directional over the entire bandwidth with acceptable antenna gain.
